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INTRODUCTI ON 
The main consideration of this research was to sea rch 
f o r, find, and where p o ssib le co rrect e rro rs in the c ard 
file of X-ray diffraction data prepared by the J o int Corn-
rnittee on Powder Diffraction Standards (JCPDS). Erro rs, 
if any, are loc ated using a no n-l i near least-squares program 
prepared by C.E. Corbato. Potiental errors expected to 
occur include incorrect indexing of reflec tions, incorrect 
a-values and/or cell dimensions, i ncorrect reflections 
attributable to impurities, typographical errors, or a 
combination of these. 
NON-LINEAR LEAST-SQUARES METHOD 
The method of least squares is applied to cell par-
arneter refinement in this research, but it doesn't always 
give the best answer. The method is based on the premise 
that the variable for which the sum of the squares of the 
residuals to be minimized is distributed about its mean 
value. In X-ray diffraction work this value is theta or 
2-theta. Unfortunately, the cell parameters are not linearly 
. 
related to theta which requirs a non-linear least-squares 
procedure, A very accurate first approximation . of the re-
fined cell parameters may be obtained by first refining 
on the sum o f the squares of l / d 2.:. 
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LEAST- SQUARES REFINEMENT OF CELL PARAMETERS 
TETRAGONAL AND HEXAGONAL 
THEORY 
Co nsid er the a-spac ing f o rmulas: 
(eqn. 1) 12 +~(tetragonal), 
c2 
1 = 4(h2+hk+k2 ) 2 + 1 2 (hexagonal). a2 3a2 c 
(h,k, and 1 are Miller indices o f the diffracting plane s, 
a is the interplaner spacing and a and c are unit cell 
dimensions) 
Let D= 1 2 , A= 1:z-, C= 1 2 , r=h2 +k2 or j<h2 +hk+k2 ), s=l2. d a c 
Then eqn. 1 becomes a linear equation in two variables, A 
and C: 
(eqn. 2) D=rA+sC 
The "normal" equation for least-squares solution of this 
linear equation are the following: 
[~ s · 21 C = ts · D · i.J l. l. 
Solution of these two equations yields A and C, from 
which a and c can be obtained. Let the matrix 
and B.~1 its inver$e so that B·B-l = 1. 
l. J /• 
.. 
- 3-
The v a r iance of the unknowns , A and C , is then given by 
the fo llowing : 
where f is the sum of the squares of the "residuals", i.e., 
the differences betwee n D0 (derived from the observed d's) 
and Dc (calculated using the va~ues of A and C). From these 
relationships, it is possible to determine the errors of the 
cell parameters, era and ere, using the equations 
so that 
METIDD 
1. Enter n values of hkl and d 0 (observed). 
2. Calculate n · values of r, s, and D. 
0 
3. Calculate the five sums which are functions of r, 
s, and D0 and enter into matrix (1). 
4. Solve for unknowns and inverse o.f matrix (using 
Gauss-Jordan method): 
a. Divide each term of the first row of matrix 
(1) by B11 and place quotients in , lst row 
of matrix (2); aivide each term of 2nd row 
of matrix (1) by· B21 and place quotients in 
2nd row of matrix (2). 
I 
b . Rewrite 1st row of matrix (2) in the 1st 
row of matrix (3); subtract terms of first 
.. 
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row of matrix (2) from corresponding terms 
of 2nd row and place in 2nd row of matrix 
( 3) • 
c. Divide each term in 1st row of matrix (3) by 
the term now in B12 position of matrix (3) 
and place quotients in 1st row of matrix (4); 
divide each term in 2nd row of matrix (3) by 
the term now in B22 position of matrix (3) 
and place quotients in 2nd row of matrix (4). 
d. Subtract terms of 2nd row of matrix (4) from 
corresponding terms of 1st row and place in 
1st row of matrix (5}; rewrite 2nd row of 
matrix (4) in 2nd row of matrix (5) and of 
matrix (6). 
5. Calculate n values of De {calculated),!:::. , and de. 
6. Calculate f. 
7. Calculate a, c, c>a, and 0-c. 
All work should be recorded to at least 5 significant 
figures; results of a, c, 0-a, and O'c should be given 
to 3 figures to the right of the decimal point. 
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PROCEDURE 
The procedu re used i n thi s i nvestig ation was as 
follows: first, a mineral was chosen from t~e Mineralogy 
Museum's mineral list which is a member of either the 
isometric, tetragonal, hexagonal, or orthorhombic crystal 
systems. The reason for only choosing minerals which 
are in the museum is that ' a mineral may need to be avail-
able in case an X-ray diffraction pattern were necessary 
to determine and/or correct an error in the JCPDS card 
file. The four crystal systems were used because the 
present non-linear least-squares program can only handle 
these four systems. Next, the JCPDS card was found for 
the chosen mineral and all the d-values and the corresponding 
hkl values were transfered from the JCPDS card to the non-
linear least-squares program. The residuals of 2-theta 
are then calculated and compared. If there is a discrep-
• ancy of greater than 0.3 then the line is considered an 
error. In this case an hkl generator program is run which 
determines the Laue Class from the space group and gives 
all possible hkl values and their corresponding d-~alues 
for a mineral of that space group (input into the hkl 
generator program includes the space group number and the 
cell dimensions taken from the· JCPDS card). At this point 
' the a-spacing for which the resid~als of 2-theta indicate 
an error is matched to its c los1est d-value from the hkl 
- 8 -
genera tor and the c o rresponding hkl va l ues are c ompared . 
I f these d i f fer t hen it is po ssib l e that the line was 
incorrec t l y indexed on the JCPDS card , ~hich was checked 
by imputting the new hkl value into the non-linear least-
squares program. If the residual of 2-theta was now less 
than 0.3 it was assumed that the line was incorrectly 
indexed and that the new hkl value was the better choice 
for that line. However, in a few cases the residual of 
2-theta indicated no difference, indicated a larger dis-
crepancy, or the hkl generator indicated that the original 
hkl was the better choice for that particular a-spacing. 
When one of these problems occured an X-ray diffraction 
pattern was run. Values of 2-theta are read directly from 
the X-ray diffraction pattern and are input into the non-
linear least-squares program. If the output indicated 
that the residual of 2-theta, for the line in error, was 
now considerably less than the original value then it 
was assumed that the JCPDS value of 2-theta was incorrectly 
read on the original diffraction pattern. Unfortunately, 
if the line still gave a residual of 2-theta the same or 
greater than the original then no reasonable correction 
could be offered. 
I 
f 
-~-
MINERAL ANALYS I S 
This paper a nalysed the fo l lowing minerals: pabstite, 
p yrolusite, ruti le, sulfur, sylv ite, t~tradyrnite, topaz , 
uraninite, vanadinite, wavellite, witherite~ wulfenite , 
zircon . Each of these thirteen minerals was investigated 
according to the preceeding sections. 
PABSTITE 
Pabstite's chemical formula is BaSnSi3o9 , a barium 
tin silicate belonging to the Benitoite Group, and is a 
member of the hexagonal crystal system. The diffraction 
work was done on a natural pabstite mineral, collected 
from Santa Cruz, California, in 1965 using CuK alpha 
radiation with a wavelength of l.542A and with a nickel 
filter. The non-linear least-squares output for pabstite 
is given in Table 1, page 23 • The residuals of 2-theta 
indicate that all lines fit well except for the 211 and 
the 213 lines which show deviations of .433° and .711° 
between the calculated and observed 2-theta values. the 
output also indicated that the calculated cell dimensions 
of a=6.7401A ± 0.0069 and c= 9.8656A ± 0.014 do not agree 
with the cell dimensions a= 6.724A and d= 9.854A listed on 
the JCPDS card (18-196). An hkl generator was run (Table 2 1 
~ 
page £4). The hkl generator ~utput ind~oated that the 211 
and the 213 lines were correctly ~ndexed. An X-ray pattern 
would have been run to try and correct the problem, but 
-w-
the Minera l Museum does n 't c ontain pab st i t e; t herefo r e , 
no fur ther work could b e do ne. 
PYROLUSITE 
The chemical formula for pyrolusite is · Mn02 , a man-
ganese oxide, and it is a member of the tetragonal crystal 
system. The diffraction work was done on a sythetic 
mineral obtained from the Baker Chemical Co., Phillipsburg, 
N.J. It was X-rayed at a temperture of 25°C using CuK 
alpha 1 radiation with a wavelength of l.54056A and with 
a nickel filter. The non-linear least-squares output for 
pyrolusite is given in Table 3, 'page 25. The residuals 
of 2-theta indicate that all lines fit well with the 
largest discrepancy being 0.029: The calculated cell 
dimensions a= 4.3998A ± 0.0001 and c= 2.8741A ± 0.0001 
agree well with the cell dimensions, a= 4.3999A and c= 
2.8740A, listed on the JCPDS card (24-735). The JCPDS 
card for pyrolusite contains no errors. 
RUT ILE 
Rutile's chemical formula is Ti02 , a titanium oxide 
belonging to the Rutile Group, and is a member of the 
tetragonal crystal system. The diffract'ion work was done 
in 1969 at a temperture of 25°C using CuK alpha 1 radiation 
' 
with a wavelength of l.54056A and with a ~ickel - filter. The 
non-linear least-squares output for rutile is given in Table 
I 
/. 
4, page 26. The residuals of 2-theta indicate that all 
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line s fi t very well with the greatest discrepancy being 
0 0.032. The calculated cell dimensions also agree very 
well with the cell dimensions g i v en on the JCPDS card ( 
21-1276). Obviously, the JCPDS card for rutile contains 
no errors. 
SULFUR 
Calculated cell dimensions (Rutile) 
a= 4.5934A + 0.0001 
c= 2.9592A + 0.0001 
JCPDS card cell dimensions (Rutile) 
a= 4 .5933A 
c= 2.9592A 
The chemical formula for sulfur is S and it is a member 
of the orthorhombic crystal system. The diffraction work 
was validated by calculated pattern 24-733. The non-
linear least-squares output is given in Table 5, page 27. 
The residuals of 2-theta indicate that all lines fit well 
with the exception of the 355 line which has a discrepancy 
0 
of 0.125. An hkl generator was run and the output is given 
in Table 6, page 28. The output indicates that an hkl value 
of 515 is a better choice. The 355 line is then replaced 
with the new value of 515 in the non-lirtear least-squares 
program and the output is given in Table 7, page 29. The 
' residuals of 2-theta agree well now with the largest dis-
• 0 
crepancy being 0.075. The calculated cell dimensions and 
/, 
the cell dimensions given on the J'CPDS cards (8-247 & 8-247A) 
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now fit very well. This was taken as e v idence that the 
JCPDS card for sulfur was in error and that the hkl value 
of 355 should be replaced by the hkl value of 515. 
SYINITE 
JCPDS card cell dimensions (su lfur) 
a= 10.45A 
b= 12.84A 
c= 24.46A 
Calculated cell dimensions (sulfur) 
a= 10.4553A + 0.0025 
b= 12 . 8480A + 0.0043 
c= 24.4683A + 0.0063 
The chemical formula for sylvite is KCl, a potassium 
chloride belonging to the halite-galena-periclase group, 
and it is a member of the isometric crystal system. The 
diffraction work was done in 1953 at a temperture of 25°C 
using CuK alpha 1 radiation with a wavelength of l.5405A 
and with a nickel filter. The non-linear least-squares 
output is given in Table 8, page 30. The residuals of 
2-theta indicate that all lines fit very well with the 
greatest discrepancy being 0.038~ The output also exhibits 
the close correlation of the cell dimensions calculated here~ 
a= 6.2931A ± 0.0002, and the JCPDS card (4-587) cell dimen-
sion, a= 6.2931A. It is clearly apparent that the JCPDS 
card for sylvi te contains no e·rrors. 
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TETRADYMI TE 
The c h emi c al f o r mula for t etradymite is Bi2Te 1 . 65 -
s1. 35, a bismuth tellu rium sulfide which belongs to the 
Tetradymite Group, and it is a member of the hexagonal 
cry stal system. The diffraction work was completed in 
1967 on a sample collected from Paonia, Colorado using 
CuK alpha rad iation with a wavelength of l.5418A and 
with a nickel filter. The non-linear least-squares output 
for tetradymite is given in Table 9,page 31. The residuals 
of 2-theta indicate notable discrepancies in over 50% 
of the lines. Also, the calculated cell dimensions and 
the JCPDS card (19-1330) cell dimensions do not agree. 
Therefore, an hkl generator was run for tetradymite. 
The output is given in Table 10, page 32. The hkl gen-
erator indicates that all lines which show a notable 
discrepancy are correctly indexed . Because the discrep-
0 
ancies were less than 0.3, an X-ray diffraction pattern 
was not run. 
Calculated cell dimensions (Tetradymite) 
a= 4.2349A + 0.0010 
c= 29.5603A + 0.0080 
JCPDS card cell dimensions (Tetradymite) 
a= 4.2381A 
c= 29.5B90A 
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TOPAZ 
The chemical formula for topaz is Al 2Si 04 (F , OH) 2 , 
an aluminum silicate, and it is a member of the ortho-
rhombic crystal s y stem. Three different s o urces were 
used for the diffraction work. 
SOURCE GREATEST IMPURITY 
Minas Gerai s , Brazil 
Durango, Mexico 
Thomas Mountains, Utah 
.01-.1% Fe 
.01-.1% Fe 
.01-.1% Fe 
The diffractio n work was done in 1962 at a ternperture of 
26°C using CuK alpha 1 radiation with a wavelength of 
l.5405A with a nickel filter. The non-linear least-
squares output is given in Table 11, page 33. The 
residuals of 2-theta indicate that all lines correlate 
0 
very well with the largest discrepancy being 0.037. The 
calculated and the JCPDS cell dimensions also agree very 
well~ therefore it was concluded that, the JCPDS card ( 
12-165 & 12-765A) for topaz contained no errors. 
CALCUIATED CELL DIMENSIONS (TOPAZ) 
a= 
b= 
c= 
JCPDS CARD 
8.3942A ± 0.0008 
8.7925A ±. 0.0006 
4.6486A ± 0.0003 
CELL 
a= 
b= 
c= 
DIMENSIONS 
8.394A 
8. 792A 
4 .-649A 
l 
.t; 
(TOPAZ) 
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URAN IN I TE 
The chemical formula for uraninite is uo2 , an uran-
ium oxide, and it is a member of the isometric crystal 
system. The diffraction work was done in 1953 at a temp-
0 
erture of 26 C using CuK alpha radiation with a wavelength 
of l.5405A with a nickel filter. The non-linear least-
squares output is giv en in table 12, page 34. The residuals 
of 2-theta indicate that all lines fit very well with the 
• 0 largest discrepancy being 0.053. The calculated cell dimen-
sion, a= 5.4683A + 0.0002, agrees very well with the JCPDS 
card (5-550) cell dimension, a= 5.4682A. Obviously, the 
JCPDS card for uraninite contains no errors. 
VANADINITE 
The chemical formula for vanadinite is Pb5(vo4 ) 3c1, 
a lead vanadium oxide chloride which belongs to the Apatite 
Group, and it is a member of the hexagonal crystal system. 
The diffraction work was done on a sample collected from 
the Apache Mine near Globe, Arizona. The sample was diluted 
with five to seven parts by volume with gum tragacanth, then 
X-rayed using CuK alpha radiation with a wavelength of 1.54-
. . 
18A with a nickel filter. The non-linear least-squares 
output is given in Table 13, page 35. The residuals of 2-
theta indicate that the JCPDS card (13-585) for vanadinite 
may contain errors. Therefore, an hkl generator was run. 
The hkl generator output is given in Table 14, page 36. 
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After c l ose comparison , e i ght a-values wer e f o und to be 
po s s i b le errors. These eight values were re-indexed usi ng 
the hkl g enerator output and the new Vqlues were input 
into the no n-linear least-squares prog ram. The output 
is giv en in Table 15, page 37. The residuals of 2-theta 
now indicate an exceptionally good fit of all re-indexed 
lines. Clo se agreement between calculated and JCPDS cell 
dimensions after the lines in error were re-indexed indicates 
that the JCPDS data contained misindexed reflections. 
Replaced 
102 
103 
104 
313 
204 
403 
214 
323 
Corresponding 
hkl a-value New hkl 
3.38 
2.351 
1.789 
1.737 
1.692 
1.647 
1.610 
1.566 
Calculated cell dimensions (Vanadinite) 
a= 10.3317A + 0.0033 
c= 7.3446A + 0.0041 
JCPDS card cell dimensions (Vanadinite) 
a= 10.331A 
c= 7.343A 
: .210 
131 
500 
501 
420 
421 
502 
304 
WAVELLITE 
The chemical formula for wavellite is Al3 (P04 ) 2-
(0H) 3 • SH20, an aluminum pho-sp~ate hydr.oxide hydrate, 
and it is a member of the orthorhqmbic crystal system. 
,i 
Diffraction wo rk was done o n a sample collected from the 
- j_ /-
Ea r r Sandstone , near Black Ri ve r Falls , J ackson Co ., 
Wisc0ns in . FeK a l pha r adia tion , with a wavelength of 
l. 93 7 3A with a mang anese fil t er, was u s ed i n 1972 f o r 
the d iffraction wo rk. The no n-linear least~squares is 
given in Table 16, page 39. The residuals of 2-theta 
indicate t hat all lines fit exceptio nally well with the 
• 0 largest discrepancy being 0.052. The calculated and the 
JCPDS card (25-20 & 25-20A) cell dime nsions also agree. 
The JCPDS card for wavellite c ontains no errors. 
WITHERITE 
Calculated cell dimensions (Wavellite) 
a= 9.6236A + 0.002 
b= 17.3370A + 0.0036 
c= 6.9849A + 0.0014 
JCPDS card cell dimensions (Wavellite) 
a= 9.624A 
b= 17.338A 
c= 6. 986A 
The chemical formula for witherite is Baco3 , a barium 
carbonate belonging to the Aragonite Group, and it is a 
Member of the orthorhombic crystal system. The diffraction 
work was done in 1953 at a temperture of 25°C using CuK 
alpha 1 radiation with a wavelength of 1.5405A ana ·with a 
nickel filter. The non-linear least-squares output is given 
in Table 17, page 39. The r~siduals of 2-theta · indicate 
that the JCPDS card (5-378) for witherite contains a number 
,r L.. .. 
;; 
of errors. Therefore, an hkl gene rator was run. The out-
put is given in Table 18, page 40. Eleven lines appear 
- 18-
to be misindexed as indicated by the hkl generator. New 
hkl values were input into the non-linear least- squares 
program (outout given in Table 19, page 4 1). The residuals 
of 2-theta indicate that all lines reindexea are better 
choices; however, one residual of 2-theta , the 022 line, 
0 displays a discrepancy of 0.248. For this reason, an 
X-ray diffraction pattern was run (Fig. 1, page 45). Thirty-
eight values of 2-theta were input into the non-linear 
least-squares program. The output is given in Table 20, 
page 42. The residuals of 2-theta indicate that the 
022 line is still an error. The changes ind~cated for 
witherite are as follows: 
Replaced 
012 
130 
310 
133 
043 
330 
313 
242 
243 
025 
312 
Corresponding 
hkl d-value New hkl 
3.025A 121 
2.590A 022 
l.737A 033 
l .649A 241 
l.543A 104 
l.521A 114 
l.348A 062 
l.335A 243 
l.248A 234 
l.233A 351 
l.215A 171 
Calculated cell dimensions {Witherite) 
a= 
b= 
c= 
JCPDS card 
5.3125A + 0.0024 
8.9034A + 0.0031 
6.4367A + 0.0028 
,,. 
cell dimens1ions (Witherite} 
a= 5. 314A / 
·b= 8. 904A 
c= 6 .430A 
.. 
-19-
WULFENITE 
Wulfenite's chemical formu la is PbMo04 , a lead 
molybdenum oxide, and it is . a member of the tetragona l 
crystal system. The diffraction work for wulfenite ( 
done in 1957) was completed on a sample precipitated from 
solutions of PbC12 and Na2Mo04 and then annealed at 400°C 
for two hours. The radiation used was CuK alpha with a 
wavelength of l.5405A with a nickel filter. The non-
linear least-squares output for Wulfenite is given in 
Table 21, page 43. The residuals of 2-theta indicate that 
all lines fit very well with the largest discrepancy 
being 0.058~ The calculated and JCPDS card {8-475) cell 
dimensions also agree. Therefore, the JCPDS card for 
wulfenite contains no errors. 
ZIRCON 
Calculated cell dimensions (wulfenite) 
a= 5.4347A ± 0.0003 
c= 12.1104A ± 0.0013 
JCPDS card cell dimensions (Wulfenite) 
a= 5.435A 
c= 12.llA 
The chemical formula for zircon is ZrSi04 , a zircon-
iurn silicate, and it is a member of the tetragonal crystal 
system. Diffraction work for .zircon was completed in 1955 
using CuK alpha 1 radiation with .a wavelength of l.5405A ~ 
~ 
and with a nickel filter. The non-linear least-squares 
output for Zircon is given in Table 22, page 44. 
- 20-
0 
The small discrepancy (0.050 max . ) of the residuals of 
2- theta and the close correlation between the calculated 
and JCPDS card (6 - 266) cell dimensions . indicates that there 
are no errors on the JCPDS card for zircon. 
Calculated cell dimensions (Zircon) 
a= 6.6037A + 0 . 0003 
c= 5 . 9791A + 0.0004 
JCPDS card cell dimensions (Zircon) 
a= 6 . 604A 
c= 5 . 979A 
- 21-
CONCLUSIONS 
In this investigation were found to fit into three 
catego ries. These categories are: 
1). Those minerals whose JCPDS card contained 
no errors. 
2). Those minerals whose ~CPDS card contained 
only minor errors. 
3). Those minerals whose ~CPDS card contained 
major errors. 
Pyrolusite, rutile, sylv ite, topaz, uraninite, wavellite, 
wulfenite, and zircon fit into the first category. Sulfur 
fit into the second category with only one line in error, 
which was corrected by reindexing using the hkl generator. 
The third category containes four minerals, pabstite, 
tetradymite, vanadinite, and witherite. Pabstite has 
two lines in error which could not be corrected by the 
hkl generator, and with no sample in the Mineralogy 
Museum, no further work could be done. On the other 
hand, tetradymite displays notable discrepancies in over 
5D°fe of its lines. However, the hkl generator indicates 
that the lines are correctly indexed for the 2-theta's 
given on the JCPDS card. Vanadinite showed errors in 
. 
eight of its lines, which were corrected by reindexing 
them with the help of the hkl gereator program.· Witherite 
appeared to have eleven lines ·in error and after reindexing, 
with the help of the hkl generat0'r, only one line still 
indicated a notable discrepancy . This line is the 022 
, 
- 22 -
line which shows a discrepancy of 0.248. Because of this 
discrepancy , an X-ray diffraction pattern was run . After 
imputting the 2-theta values from the diffraction pattern 
into the non-linear least-squares program, · the residuals 
of 2-theta indicated that the line was still in error. 
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